Tobacco-specific nitrosamines (TSNAs) are harmful carcinogens, with nitrate as a precursor of their formation. Nitrate content is considerably higher in burley tobacco than in flue-cured tobacco, but little has been reported on the differences between types of nitrate accumulation during development. We explored nitrate accumulation prior to harvest and examined the effects of regulatory substances aimed at decreasing nitrate and TSNA accumulation. In growth experiments, nitrate accumulation in burley and flue-cured tobacco initially increased but then declined with the highest nitrate content observed during a fast-growth period. When treating tobacco crops with molybdenum (Mo) during fast growth, nitrate reductase activity in burley tobacco increased significantly, but the NO 3 -N content decreased. These treatments also yielded significant reductions in NO 3 -N and TSNA contents. Therefore, we suggest that treatment with Mo during the fast-growth period and a Mo-Gfo (Mo-glufosinate) combination at the maturity stage is an effective strategy for decreasing nitrate and TSNAs during cultivation.
Introduction
Eight types of tobacco-specific nitrosamines (TSNAs) are present in tobacco with the majority known to cause malignant tumors in mice, rats, and hamsters [1, 2] . N -Nitrosonornicotine (NNN), 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone (NNK), N -nitrosoanabasine (NAB), and N -nitrosoanatabine (NAT) are key TSNAs with NNN and NNK classified as group 1 carcinogens by the International Agency for Research on Cancer [3] . The formation of TSNAs during the curing process can be affected by the concentrations of their nitrate and alkaloid precursors in tobacco [4] . High temperature and humidity in air-curing barns or high moisture in tobacco can significantly promote TSNA formation. Good ventilation in burley curing barns and improved storage conditions contribute to decreased TSNA formation [5] . We have previously found that TSNAs in cured tobacco may greatly increase with exogenous nitrate application during storage [6] . Therefore, reducing nitrate accumulation has become a research focus for decreasing TSNA formation.
Nitrate (NO 3 − ) is one of the major nitrogen sources taken up by plants [7, 8] , which can lead to accumulation in cell vacuoles if it is not reduced, reutilized, or transported into cytoplasm [9, 10] . If consumed, nitrate is harmful to the human body. Nitrate can be reduced to nitrite, which is reoxidized to nitrate by oxyhemoglobin in the bloodstream resulting in the formation of methemoglobin and impairing the capacity of blood to deliver oxygen to body tissues [11] [12] [13] [14] . This condition is referred to as methemoglobinemia and it is harmful to older children and adults. Nitrate is also one of the main precursors contributing to formation and accumulation of TSNAs [4] . Nitrate is present at concentrations tens to hundreds of times higher in burley tobacco than in flue-cured tobacco, with the reasons for this accumulation unclear.
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Many factors such as nitrogen management, soil fertility, tobacco types and varieties, and cultivation conditions are related to nitrate accumulation [4] . Increased nitrogen application generally gives rise to higher levels of nitrate, and low nitrogen efficiency tobacco varieties usually have higher nitrate accumulation than high-efficiency varieties under the same soil nitrogen level [15, 16] . Differences in nitrate accumulation among varieties are mainly due to their differential capacities in absorbing, reducing, and assimilating nitrate [16] [17] [18] [19] , with high assimilation regarded as a main contributor to low nitrate concentration in the lamina [19, 20] . Enzymes such as nitrate reductase (NR) and glutamine synthetase (GS) are important in nitrogen metabolism, and their activities have significant effects on nitrate accumulation in tobacco. The molybdenum (Mo) cofactor is part of NR composition [20] , and symptoms of Mo deficiency and N deficiency are similar in plants [21] . Mo application for seed priming and foliar spray is a method widely used to enhance crop productivity [22] and is effective in increasing the relative chlorophyll index, plant height, leaf area index, dry matter production, and crop yield [23, 24] . However, there has been little research into the application of Mo to decrease nitrate and TSNA accumulation. Glufosinate (Gfo) is a low-residue and effective herbicide in agriculture cultivation, known to inhibit glutamine synthetase activity (GSA) and lead to ammonium accumulation as well as the inhibition of photorespiration and photosynthesis in plants [25] [26] [27] [28] [29] [30] [31] . Some investigators have reported that glufosinate may inhibit the growth of bacteria [32] which may promote TSNA formation during the tobacco curing stage [4] . Various doses of Gfo herbicide produce different responses inhibiting GSA in plants, with some investigators reporting that spraying a suitable amount of Gfo could improve maturity quality in tobacco [33] . However, there is little information regarding spraying Gfo to decrease TSNAs in tobacco cultivation.
The objective of the present study was to explore characteristics of nitrate accumulation in both burley and fluecured tobacco and compare the differences between types in nitrate reductase activity (NRA) and NRA/nitrogen application (NA) to develop strategies for their regulation during cultivation. A field experiment using chemical regulation was conducted to decrease nitrate and TSNA concentrations in flue-cured tobacco, and the effects of spraying regulated substances on burley varieties TN86 and TN90 were analyzed to determine an effective method for reducing nitrate and TSNA concentrations in burley tobacco. The effects of spraying Mo during the fast-growth period and at the maturity stage and of spraying Mo and Gfo together at maturity on NRA, GSA, ammonia volatilization rate (AVR), soluble protein content (SPRO), TSNAs, and TSNA precursors were determined. (1) A control treatment, wherein water only was sprayed during the fast-growth and maturity stages (CK) (2) Sodium molybdate sprayed during the fast-growth period (FG-Mo) (3) Sodium molybdate sprayed during the fast-growth period and Gfo sprayed at the stage of maturity (MGfo) (4) Sodium molybdate sprayed during the fast-growth period and sodium molybdate combined with Gfo sprayed at the maturity stage (M-Mo + Gfo).
Methods

Experiment 1: Growth Experiments of
Sodium molybdate (Mo) and Gfo doses were determined in preliminary tests, and 10 mg L −1 Gfo (v/v) and 0.5% (m/m) Mo were screened out to spray in field experiments. The dose of Gfo sprayed on tobacco (0.01 kg hm −2 ) was much lower than its use as a herbicide during agriculture cultivation (0.40 kg hm −2 used to control annual weeds and 1-2 kg hm
used to control perennial weeds) [34] . Residual Gfo in leaves was low, with remaining Gfo decreasing by 15% three days after spraying [35] .
Experiment 3: Nitrate Regulation of Burley Tobacco Using
Chemical Treatments. Nitrate regulation experiments on burley tobacco (TN86 and KT204 varieties) were conducted in 2015 in Henan, China (33 ∘ 15 52.14 N, 112 ∘ 55 28.51 E). Soil conditions, treatments, and management were as described in experiment 2. NRA and NO 3 -N content were determined five days after spraying during the fast-growth period. NRA, GSA, NO 3 -N, and SPRO were determined at the seventh day after spraying, and ammonia volatilization was measured for one full 24 h period from 08:00 to 08:00 on the seventh day after spraying at the stage of maturity. AVR was calculated as the ratio of the amount of ammonia volatilization over time. TSNAs, NO 3 -N, NO 2 -N, and alkaloids in the tobacco were determined after curing.
The length of the various stages of tobacco development is as follows [36, 37] : (1) recovery (adaptation), 30-35 days; (2) budding (knee-high, fast growth, and elongation), 20-30 days; (3) maturity (flowering and topping, beginning of harvest, and seed formation), 45-60 days.
Chemical Characterization of Soil.
Soil pH was determined in 1 : 2.5 (v/v) soil/water suspension, organic matter content was determined using the potassium bichromate titrimetric method, available nitrogen was measured by using the alkaline hydrolysis diffusion method, available potassium was measured using the neutral ammonium acetate extraction method, and available phosphorus was determined using alkaline sodium bicarbonate as the extractant in a 20 : 1 ratio [38] .
2.5. Measurement of NRA, GSA, SPRO, and AVR. Tobacco leaves were sampled at 10:00-11:00 a.m. on sunny days. Samples were frozen and fresh leaves without veins were cut into 2 × 5 mm pieces before measurement. NRA was measured based on the method described by Li [39] . GSA was determined as per O'Neal and Joy [40] . SPRO was assayed according to Li [39] . AVR was determined by the method using airtight equipment [41, 42] . 3 -N, NO 2 -N, TSNAs, and Alkaloids. Tobacco samples were lyophilized, ground, and sieved through a 0.25 mm screen prior to measurement. TN was determined using methods modified from the Chinese Tobacco Industry standard (YC/T 161,159-2002). Samples of 0.1 g powder mixture containing 0.1 g CuSO 4 and 1 g K 2 SO 4 were mixed with 5 mL of concentrated H 2 SO 4 (98.3% m/m) in a 50 mL digestion tube and held for 1-2 h at room temperature. Samples were then warmed to 150 ∘ C for 30 min, 250 ∘ C for 30 min, and 370 ∘ C for 2 h in a furnace (DS53-380, CIF, USA). After cooling, approximately 10 mL deionized water was added, and samples were shaken thoroughly. Sample mixtures were cooled for 1-2 h, and water was added to maintain the overall volume of the samples. The mixtures were then cooled for 1 h and filtered. TN in the supernatant was determined using flow-injectionanalysis (AA3, Bran + Luebbe, Germany).
Measurement of Total Nitrogen (TN) Content, NO
NO 3 -N and NO 2 -N were quantified according to Crutchfield and Grove [43] . The individual alkaloids were analyzed using a gas chromatograph as described by Jack and Bush [43] . Methyl tert-butyl ether was applied as the extraction solvent with N-hexadecane according to internal standards [44] . NNN, NNK, NAT, and NAB contents were determined according to SPE-LC-MS/MS methods [45] [46] [47] . The total TSNA concentration was calculated by summing the NNN, NNK, NAT, and NAB [6] .
Statistical Analyses.
Comparisons were made using analyses of variance (ANOVAs) and least significant differences for NRA, GSA, AVR, NO , alkaloids, and TSNAs with < 0.05 considered significant based on three replicates. Data were analyzed in Statistical Package for the Social Sciences (SPSS 20.0), and figures were created using Origin 9.0.
Pearson correlations were used to analyze the relationships between TSNAs and their precursors.
Results and Discussion
Features of NO 3 -N Content and NRA in Flue-Cured
Tobacco and Burley Tobacco. In field and pot experiments, nitrate content in both burley tobacco and flue-cured tobacco increased over the period of development and presented a trend of "rise-fall" prior to harvest (Figure 1 ). Nitrate content was at its highest during the fast-growth period. Nitrate is difficult to recycle once stored in cells [48] . Hence, avoiding nitrate accumulation during the fast-growth stage may be effective in reducing nitrate accumulation in cured tobacco. In general, the amount of nitrogen fertilizers used on burley tobacco was almost 3-5 times higher than that used on flue-cured tobacco, but the yield was not significantly different between them [49] . NRA and NO 3 -N contents between burley tobacco and flue-cured tobacco were significantly different with NRA/NA in flue-cured tobacco significantly higher than in burley tobacco. During tobacco development, the NO 3 -N content in burley tobacco was higher than that in flue-cured tobacco in both field and pot experiments. NRA was readily affected by nitrogen application with nitrogen application on burley tobacco 4-fold greater than that in fluecured tobacco production. NRA/NA in flue-cured tobacco was higher than in burley tobacco in both field and pot experiments. In addition, weak nitrogen assimilation of burley tobacco may be an important cause of nitrate accumulation [50] .
Effects of Chemical Regulation on Leaf Biological Yield (LDM) and Above-Ground Dry Matter Weight (DM).
LDM and DM were used to evaluate whether plants were growing well and to predict yield in tobacco cultivation [36] . It has been reported that DM, yield, and product quality all decrease under a Mo-deficient condition [51] . In this work, LDM and DM increased with Mo being sprayed during the fast-growth period, which has been shown to dilute nitrate concentration [50] . The main effects of chemical treatment and year were significantly observed for LDM and DM over the two years of observation ( < 0.05) ( Table 1) . Variation between tobacco varieties also significantly affected LDM and DM. LDM and DM in tobacco increased under Mo treatment during the fastgrowth period. Meanwhile, LDM and DM showed a decrease with spraying of Gfo at the maturity stage. 3 -N Content. NRA and NO 3 -N content in both TN86 and KT204 exhibited increasing trends (Figure 2 ), which were closely related to the maximum uptake of nutrients during the rapid growth stage [36] . Additionally, enhancing nitrogen assimilation ability and decreasing nitrate storage were key in reducing nitrate accumulation in tobacco during this period. Under the Mo treatment during the fast-growth period, NRA in TN86 and KT204 increased by 1.57-11.81% and 1.72-10.58%, respectively, but NO 3 -N content in TN86 and KT204 decreased correspondingly by 10.16-58.08% and 10.04-48.87%, respectively ( < 0.01).
Effects of Chemical Regulation on NRA, GSA, AVR, SPRO, and NO
Composition of tobacco at the stage of maturity is significantly indicative of the components of cured tobacco, and improving chemical composition during this stage is useful in enhancing tobacco quality [52] . NR and GS are key enzymes in the process of nitrogen reduction and assimilation in plants, and GS plays an important role in the first step of NH 4 + assimilation [53] . NRA, AVR, GSA, and SPRO in burley tobacco were significantly affected by spraying Gfo at the maturity stage (Figures 3(a)-3(h) ). Gfo application can inhibit GSA and cause ammonia emissions of almost 10% of canopy nitrogen content [26] . Compared with CK, the GSA and SPRO of Gfo-sprayed tobacco significantly decreased, and AVR significantly increased. Hence, spraying Mo and Gfo at maturity was effective in decreasing nitrate accumulation and promoting nitrogen loss in tobacco (Figure 8 ).
Effects of Chemical Regulation on TSNA Precursors.
NO 3 -N, NO 2 -N, and alkaloids are precursors of TSNAs, and decreasing precursors is effective in reducing TSNA formation in tobacco. Sufficient NO 3 -N content can greatly promote TSNA formation during tobacco storage, and reducing NO 3 -N accumulation is key in decreasing TSNA formation [54] . As shown above, treatment with Mo and Gfo significantly decreased TN, NO 3 -N, NO 2 -N, and NO 3 -N/TN but did not affect alkaloid levels in burley tobacco (Figures 4(a)-4(j) ). Spraying Mo during periods of fast NRA (g mＡ
Time a er spraying growth led to significantly lower NO 3 -N content in KT204 and TN86. Spraying Mo during the fast-growth period and simultaneously spraying Mo and Gfo at the stage of maturity led to a significant decrease in NO 3 -N and NO 2 -N content in KT204 and TN86.
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Effects of Chemical
Regulation on TSNA Contents. Auxin, naphthylacetic acid, salicylic acid, and malonic acid have been previously applied to decrease TSNA formation, but these may affect tobacco development and growth, yield, or quality [55, 56] . In this study, we aimed to characterize a chemical regulation strategy for decreasing TSNA precursors so as to diminish TSNA formation in tobacco. Yearly differences in NO 3 -N, NO 2 -N, and TSNA contents in flue-cured tobacco were significant, but TN and alkaloid levels were not (Table 2) . Regulatory treatments significantly affected TN, NO 3 -N, alkaloid level, and TSNA concentrations in fluecured tobacco. Varieties of burley tobacco were different in TN, NO 3 -N, NO 2 -N, alkaloid level, and TSNA concentrations, and chemical regulation treatments significantly affected TN, NO 3 -N, and TSNA concentrations.
As can be seen in Figure 5 , spraying Mo during the fastgrowth period and spraying Gfo at the stage of maturity decreased TSNA concentrations in flue-cured tobacco, but treatment were more pronounced in burley tobacco. Within burley varieties, the TSNA concentrations in KT204 were higher than that in TN86 (Figures 6(a)-6(e) ). Spraying of Mo during the fast-growth period led to significantly lower NNN, NAB, and total TSNA concentrations in KT204. Spraying of Gfo at maturity led to significant decreases in NNN, NAT, NNK, and TSNA concentrations in TN86. The TSNAregulating effects of the two treatments were optimized by spraying Mo during the fast-growth period and Gfo at the stage of maturity. NNN, NAT, NAB, NNK, and total TSNA concentration decreased in KT204 and TN86.
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Correlation Analysis. Linear relationships between
TSNAs, alkaloids, and NO 3 -N were significantly different (Figures 7(a)-7(c) ). Total TSNA concentration in tobacco increased with increasing alkaloid and NO 3 -N content, especially in burley tobacco. The positive correlations between TSNAs and their precursors were also reported by Lewis et al. [57] , who suggested that NO 3 -N was a stronger contributing factor to higher TSNA levels than increased alkaloid levels in burley tobacco.
Conclusion
Nitrate was higher in burley tobacco than in flue-cured tobacco, with both types showing peak nitrate content during the fast-growth period. Under Mo treatment at the stage of maturity to avoid nitrate accumulation, NRA, LDM, and DM in tobacco leaves increased. Spraying Mo in combination with Gfo at the stage of maturity led to increased NRA and lower GSA in tobacco, which could help decrease nitrate and nitrite content by increasing nitrogen loss via ammonia volatilization. In summary, spraying Mo during fast growth and spraying Mo with Gfo at the stage of maturity were effective in reducing the formation of TSNAs. 
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